Developmental instability was assessed in two geographical races of Teucrium lusitanicum using morphometric measures of vegetative and reproductive structures. T. lusitanicum is a gynodioecious species. Male sterile (female) individuals showed greater developmental instability at all sites. Plants located inland had higher developmental instability of vegetative characters and lower developmental instability of reproductive characters than coastal plants. These results support the contentions that (1) developmental instability is aected more by the disruption of co-adapted gene complexes than by lower heterozygosity, and (2) dierent habitat characteristics result in the dierential response of vegetative and reproductive structures.
Introduction
Developmental stability, the ability of a genotype to produce the same phenotype consistently (Zakharov, 1989) , is believed to be enhanced by either the evolution of co-adapted gene complexes acting to reduce intra-individual variation (Mather, 1953; Thoday, 1953 Thoday, , 1955 Thoday, , 1958 see Clarke et al., 1992 , for a review and discussion) or by increased heterozygosity (Lerner, 1954) .
Developmental instability, measured by intra-individual variation of repeated characters, is believed to be due to errors in development (Mather, 1953) . Developmental instability is not heritable, and therefore not subject to natural selection. Developmental instability is usually assessed by examining deviations from symmetry (Van Valen, 1962; Strobeck, 1986, 1992; Zakharov, 1987; Parsons, 1992 ; see Graham et al., 1993, for a review) . Several studies have shown that it increases under either genetic or environmental stress (for reviews, see Parsons, 1992; Markow, 1994; Tracy et al., 1995) . Genetic stresses such as inbreeding (Leary et al., 1985a; Clarke et al., 1986 Clarke et al., , 1992 Patterson and Patton, 1990; Clarke, 1992; Alados et al., 1995) and hybridization between disparate taxa (Graham and Felley, 1985; Leary et al., 1985b,c; Markow and Ricker, 1991; Graham, 1992) have been shown to increase developmental instability. Hybridization between closely related taxa does not necessarily lead to increased developmental instability (Graham, 1992; Freeman et al., 1995) .
Anthropogenic stressors have also been shown to increase developmental instability (Beardmore, 1969; Siegel and Smookler, 1973; Siegel and Doyle, 1975a,b; Siegel et al., 1977; Clarke and McKenzie, 1987; McKenzie and Clarke, 1988; Beachman, 1990; Freeman et al., 1993; Tracy et al., 1995) , presumably because stress is energy-dissipative and less energy is available for preserving homeostasis , or because regulation of growth is disrupted.
Relatively few studies have investigated the eects of natural stressors on developmental instability. However, Zakharov et al. (1991) found that developmental instability increased with increasing population density in the common shrew (Sorex araneus). Alados et al. (1993) found increased developmental instability in hake (Merluccium productus) in El Nin Ä o years. Finally, Alados et al. (1994, in press) have shown that both grazing and interspeci®c competition lead to increased developmental instability in desert plants.
Little attention has been paid to which traits are most sensitive to environmental stress. SouleÂ and Couzin-Roudy (1982) suggested that traits exhibiting low heritability ought to be more sensitive than those that are highly heritable. Vrijenhoek (1985) has suggested that traits can be modi®ed only during a temporal window of vulnerability. This follows from the fundamental theorem of system research that suggests that systems can be most readily modi®ed when the potential energy of the system is at its highest (Hallebone and Hough, 1992) . Remarkably little attention has been given to traits speci®c to a particular life-history stage, or to the timing of stress in relation to life histories. Yet, if the suggestions of Vrijenhoek (1985) , that there are windows of vulnerability, and of Emlen et al. (1993) , that stress is energy-dissipative and thus diminishes the ability of the organism to preserve homeostasis, are correct, then we might expect stress to inuence disproportionately those traits just entering development.
Here we examine the developmental instability of two sexual morphs (females and co-sexuals) of the gynodioecious Teucrium lusitanicum growing in coastal and interior habitats of the Iberian peninsula. T. lusitanicum is a small (25±40 cm tall), evergreen, erect-surutescent polyploid chamaephyte (HalleÂ and Oldeman, 1970; Jeannoda-Robinson, 1977 ) that grows in both coastal and interior habitats of the Iberian peninsula. T. lusitanicum has basipetal branching characterized by typical innovation shoots and long¯owering shoots with apical in¯orescences (Orshan, 1986) . Flowering shoots (Fig. 1 ) may develop from innovation buds near the base of the plant (hemicryptophyte¯owering shoots, HFS) and from buds located more than 15 cm above the soil surface (chamaephyte¯owering shoots, CFS). The two types of¯owering shoots dier in their time of origin and season of growth. HFS originate in spring, and grow throughout the year, producinḡ owers the following spring (multi-seasonal growth). In contrast, CFS originate, grow and reproduce in the same season beginning in winter and ending in spring. This type of growth occurs when temperatures are mild and the soil moisture is favourable.
T. lusitanicum is believed to have evolved recently as part of an adaptive radiation in the southern part of the peninsula (El Oualidi and Puech, 1993) , and displays high intra-population variability in reproductive and vegetative traits both within and between the two sexual morphs (female and co-sexual) (Davis and Heywood, 1963; Bradshaw, 1965; Puech, 1978; El Oualidi, 1987 , 1991 Garcia and MunÄ oz, 1988; Stebbins, 1988; Roiz and Dulberger, 1989; Navarro, 1995; Navarro and Cabezudo, 1995) .
T. lusitanicum was chosen for this study because it is gynodioecious. In the majority of gynodioecious species, the male sterile allele responsible for the production of`females' is either recessive or determined by cytoplasmic inheritance (Westergaard, 1958; Charlesworth and Charlesworth, 1978) , and the co-sexuals in this species are self-compatible. Thus, co-sexuals are much more likely to be produced as a result of self-pollination than females. Indeed, if females are the result of cytoplasmic inheritance, then they result from obligate outcrossing, while co-sexuals often occur as the result of sel®ng. Thus, when there is a dierence in the degree of heterozygosity, females should be more heterozygous than co-sexuals in the same population. Finally, if heterozygosity confers added developmental stability, females should exhibit less developmental instability than the corresponding co-sexuals (Lerner's hypothesis). But, when the disruption of co-adapted gene complexes leads to enhanced developmental instability, then the recently evolved females should display greater developmental instability. The petals of advanced families, such as the Labiatae, have long been known to be derived from stamens (Eames, 1961) , and recent work by Weigel and Meyerowitz (1993) has shown that genes that regulate stamen production also in¯uence petal production in Arabidopsis. Thus, it is likely that the recent evolution of male sterile individuals will disrupt the regulation of genes associated with¯ower development.
Materials and methods

Methods
Altogether, 165 individuals were collected in May from two dierent populations of T. lusitanicum growing in the MaÂ laga province of southern Spain. Within each population, two replicates of approximately 40 individuals were collected. A total of 42 females and 40 co-sexuals were sampled in the coastal area, and 41 females and 42 co-sexuals were sampled from the inland area. Plants were collected at random along four transects, one for each population and replicate. To reduce inter-individual variability, only plants of similar size were selected. The coastal area is subject to high winds and salt spray; the plants live in shallow, rocky soils largely devoid of vegetation. The inland population grows in deeper, well-developed soils typical of the Mediterranean garriga and support considerably more vegetation. The study populations are 5 km apart and separated by a hill 300 m high.
The annual rainfall is 424 mm, with six dry months (April to September). The mean annual temperature is 19.8 C, ranging from 12.4 C in January to 25.4 C in August.
Data measurement and analysis
In this study, we used deviations from symmetry of scale and from allometric relations as measures of developmental instability. We also used the fractal dimension to detect alterations in morphological structures.
Vegetative characters
Allometric relationships. We examined deviations in the allometric relationships of internodes on branches to estimate developmental instability, and the fractal dimension of the shoot to detect alterations in vegetative morphological structures. In Teucrium, the relationship between internode length (v) and node number (x ) in chamaephytē owering shoots is given by:
Àx where e is the natural base, and k, and are ®tted constants. Taking the logarithm of both sides of the equation gives:
The constants can be obtained from a regression analysis, and the standard error of the regression (divided by the mean) and the standard error of the slope are measures of developmental instability; that is, they measure the extent to which the actual phenotype departs from the theoretical optimum phenotype. The coecient of determination, 2 , can also be used as a measure of developmental stability.
Cumulative frequency exponent. The cumulative frequency, CF x , of hemicryptophyte¯owering shoot internode lengths is given by:
The above is a standard 1/f -type distribution, using x as a measure of scale. h therefore can be interpreted as a fractal dimension (Hastings and Sugihara, 1993) and can be obtained from a regression analysis of the log-transformed data.
An analysis of covariance was used to assess developmental instability with the basal stem diameter as the covariate.
Reproductive characters
Within-in¯orescence variance. Each in¯orescence is composed of co¯orescences of three heads each. Each head is supported by a peduncle (Fig. 1) . The variance in peduncle length aects the apparent radial symmetry of the in¯orescence. We used the coecient of variation of peduncle length for each of the three heads in the second-and third-level co¯orescences as a measure of developmental instability.
Calyx allometric error. The calyx of T. lusitanicum is composed of ®ve irregular lobes. Calyx lengths are often used as taxonomic characters. However, calyx length has been shown to vary between the sexes of gynodioecious plants (Lloyd and Webb, 1977; Bawa, 1980) . Calyx length (v) and width ( ) are related by a power law:
Thus, lnv and ln are linearly related, and we can write:
where e is an error term. We measured 10 calyxes per individual plant to obtain the matrix:
where row 1 is length and row 2 is width. In matrix form,
Therefore, developmental instability (DI) for the shoot is given by:
To ®nd b that minimizes SS, we set the derivatives equal to zero: dee H adb 0 and rearrange to ®nd:
H Calyx length and width variation coecients. From the 10 calyxes per plant, we also computed the coecient of variation for length and width.
We used a mixed-model ANCOVA to examine the eects of habitat and sex on the measures of developmental instability. Site and sex were treated as ®xed terms, replicates as a random term, and the basal stem diameter was treated as a covariate.
Results
Vegetative characters
Allometric relationships. The standard error of the regression and the standard error of the slope (measures of developmental instability) were signi®cantly higher for the inland (0X21 AE 0X01 and 0X59 AE 0X03, respectively) than the coastal (0X17 AE 0X01 and 0X45 AE 0X03, respectively) population, while the coecient of variation was signi®cantly lower for the inland (0X43 AE 0X02) than the coastal (0X53 AE 0X02) population (Table 1) ; that is, the inland population showed greater developmental instability of vegetative traits than the coastal population. Only the standard error of the slope diered signi®cantly among the replicates (p 1Y157 5X72Y `0X05). The interaction of replicate and location was not signi®cant (p 1Y154 0X047), indicating consistency between populations.
Developmental instability did not dier between the sexes (Table 1) , but there was a signi®cant sex Â site interaction for the coecient of determination ( 2 ). Females in the coastal population had a higher coecient of determination.
Cumulative frequency exponent. The cumulative frequency exponent was greater for the coastal population than for the inland population ( Table 2 ). The covariate eect of basal stem diameter was also signi®cant. Although a signi®cant dierence was found between the replicates, there was no signi®cant site Â replicate interaction (p 1Y155 1X271, N.S.), indicating that in both replicates the cumulative frequency exponent was greatest in the coastal population. No dierence was observed between the sexes, nor was there a signi®cant site Â sex interaction.
The cumulative frequency exponent represents the intensity of leaf formation; the larger the exponent, the longer the internode enhancement and the lower the density of the leaves. Coastal population plants tend to produce shorter branches, with less leaves and less axillary innovation shoots per unit stem length, than inland plants. The mean basal stem length was signi®cantly shorter (t-test 12.23, d.f. 162, `0X0001) for the coastal (mean 19.76 cm, S.D. 4.31, n 82) than the inland (mean 30.03 cm, S.D. 6.25, n 82) plants.
Reproductive characters
Within-in¯orescence variance. The coecient of variation in peduncle length was greater for the coastal (74X76 AE 6X98) than for the inland (52X11 AE 7X01) population (Table 3) . While there was no dierence between the sexes, females did tend to have higher instability than co-sexuals at both sites. Thus, in contrast to vegetative structures, in which the inland population demonstrated more developmental instability, reproductive structures are more unstable near the coast.
Calyx allometric error. The error in calyx length/width allometry (Table 4) diered signi®cantly both between the populations (p 1Y153 4X82, `0X05) and between the sexes (p 1Y153 3X96, `0X05). Plants from the coastal population had a larger error (24X20 Â 10 À5 AE 2X83 Â 10 À5 ) than plants from the inland population (15X58 Â 10 À5 AE 2X84 Â 10 À5 ). Similarly, females exhibited a larger error (23X99 Â 10 À5 AE 2X79 Â 10 À5 ) than co-sexuals (15X80 Â 10 À5 AE 2X92 Â 10 À5 ). Calyx length and width variation coecient. Sepals had a tendency to be longer (p 1Y155 3X59, `0X06) in co-sexuals (5X04 AE 0X05) than females (4X91 AE 0X04), but females had signi®cantly (p 1Y155 3X93, `0X05) wider sepals (5X42 AE 0X06) than co-sexuals (5X14 AE 0X06). There was also a signi®cant sex Â location interaction (p 1Y155 7X60, `0X01). This interaction is due to the fact that calyx width diers signi®cantly between the sexes in the inland but not in the coastal population ( 0X005 vsX 0X95 as determined by Tukey tests). Finally, sepals are signi®cantly (p 1Y155 19X89, `0X001) longer in the inland (5X12 AE 0X05) than in the coastal (4X83 AE 0X05) population. The coecient of variation in calyx length (Table 5a ) was signi®cantly (p 1Y153 9X70, `0X01) greater for the coastal (0X027 AE 0X002) than the inland (0X020 AE 0X002) plants. No dierence was found between the sexes, nor was there a signi®cant site Â gender interaction. Female sepals (0X025 AE 0X001) tended to have a larger coecient of variation than co-sexuals (0X022 AE 0X002).
As with the other reproductive structures, calyx width showed signi®cantly more variation, and so greater developmental instability in the coastal population (Table 6 ). The coecient of variation in calyx width was signi®cantly (p 1Y153 7X36, `0X01) greater for the coastal (0X020 AE 0X001) than for the inland (0X015 AE 0X001) plants. Also, variation was greater (p 1Y153 5X38, `0X05) in females (0X019 AE 0X001) than co-sexuals (0X015 AE 0X001). 
Discussion
We used the variation in allometric relationships to examine the developmental instability of vegetative and reproductive traits of female and co-sexual plants of T. lusitanicum growing in coastal and inland populations. The vegetative traits were most variable in the inland population, while the reproductive traits were signi®cantly more variable in the coastal population. In both populations, females showed greater developmental instability of reproductive structures than cosexuals, while there was no dierence between the sexes in the developmental instability of vegetative traits. Gynodioecious species are believed to be derived from perfect¯owered ancestors (both stamens and pistils in the same¯ower) via the spread of a gene causing male sterility (Charlesworth and Charlesworth, 1978) . According to recent experiments in molecular genetics, the dierentiation of oral sex organs is controlled by a series of three homeotic genes (Weigel and Meyerowitz, 1993) . Expression of genes promoting the formation of pistils is known to in¯uence negatively the expression of the gene promoting petal and sepal size, so the petals and/or sepals of many females in gynodioecious species are smaller than the¯owers of corresponding co-sexuals (see Bawa, 1980; Fleming et al., 1994) . The point we wish to make is this: Developmental instability is believed to result from the disruption of co-adapted gene complexes (Clarke et al., 1992; Graham, 1992; Graham et al., 1993) or a reduction in heterozygosity (Lerner, 1954; SouleÂ , 1979) . Our ®nding that females display signi®cantly greater developmental instability is in accordance with the former view and is inconsistent with the latter view. Furthermore, since it is male function, not vegetative characteristics, that has recently been lost, genetic disruption can be expected to be greatest on reproductive structures that share a common genetic basis with the male function. Thus, the coadapted complex argument is further supported by the ®nding that dierences in developmental instability are observed in the reproductive, and not the vegetative, structures. Were developmental instability primarily aected by heterozygosity, we would have expected it to be greatest in cosexuals, and to be equally expressed in both reproductive and vegetative structures.
The degree of variability of a particular character is not necessarily correlated with the degree of variability of other characters. Vegetative and reproductive structures develop under the control of dierent genes (Sakai and Shimamoto, 1965) ; one of these sets of structures may be more canalized than the other, displaying dierent developmental stability (SouleÂ and Couzin-Roudy, 1982) . Inland and coastal populations of Teucrium exhibit very dierent life strategies. The coastal population, battered by wind and salt, produces less vegetative material, shorter stems and fewer leaves than inland plants. In plants, the evolutionary response to environmental stress is reported to be slow growth and, consequently, low nutrient requirements at the expense of reduced overall productivity (Chapin, 1991) . This conservative strategy has been called`stress resistance syndrome' by Chapin et al. (1993) . It is found frequently among plants in dry areas (Edelin, 1977; Thomansson, 1977) . This strategy, exhibited by coastal plants, allows maintenance of homeostasis in their vegetative structures. Inland populations, on the other hand, are characteristic of the dynamic Mediterranean matorral, in which ®tness is enhanced by colonizing ability. Accordingly, they increase growth at the expense of stability in vegetative structures. This strategy allows the plant to have enough photosynthate to produce developmentally stable reproductive organs.
In conclusion, out results support the two contentions in this paper.
(1) Developmental instability is aected more by disruption of co-adapted gene complexes than by loss of heterozygosity. If true, females' reproductive structures should demonstrate the greatest instability. If false, cosexuals should be most unstable, with no clear dierence between reproductive and vegetative structures. The data presented here strongly support the contention. (2) Dierent habitat characteristics result in the dierential response of vegetative and reproductive structures.
